. Equation (S2) has four positive definite unknowns, i.e.,     L  andL . Furthermore, there are two additional minimization constraints on the upper limit ( T ) of the desired overall RTS resistance and total RTS length:
5 Equation (S2) has been introduced only to give an insight into the theory of RTS design. The following section presents a more detailed description of the fields inside the RTS leads.
The peak inductance of the lead can be estimated as follows:
where and are the unit vector and current intensity along the implant along the z-axis, as shown in Fig. 1c . The current density field can be found by solving the following Pocklington's integral equation 
In the case of the RTS geometry, equation (S6) becomes:
where  z ,  z and L z are respectively equal to  ,  and L when L z L L and equal to  ,  and L when z L .
The following current distribution along the wire is an approximate solution of equation (S8):
7 (S9) Equation (S9) is the typical shape of the ideal current distribution in an RTS wire as sketched in Fig. 1c . A more precise current distribution estimated using EM numerical simulations is shown in Fig. 2d . The RTS design reduces the overall inductance of the lead (Fig. 2c) . Additionally, the current density has a minimum value along the lead in proximity to the electrode (Fig. 2d) , thereby reducing the risk for energy absorption in the surrounding tissue.
Finally, the skin depth plays an important role in the RTS design:
(S10) where 2 2 • 128 • 10 , 4 • 10 / , and 1.968 • 10 / 25.61 • 10 / are the conductivity of the two RTS layers, respectively, calculated by the simulations. Note that for these values, the skin depth of the optimal RTS design was 31.63 µm for the first layer and 278 µm for the second layer, which is higher than the thickness of the modeled lead, which was 9.7 µm. The FEM simulation results shown in Fig. 2 take in consideration the skin depth effect.
Computational modeling and simulations
Lead design optimization -All lead design optimization included models of a realistic MRI birdcage transmit coil tuned at the Larmor Frequency f 0 =128 MHz, an ASTM phantom 8, 9 , a PtIr wire, and a realistic RTS lead that allowed for a physically realizable solution. The dimensions and material properties of the coil, lead, and phantom are listed in the at the electrode, where the highest electric field was observed [12] [13] [14] . The parameter used to evaluate numerically the energy deposition in the phantom was the specific absorption rate (SAR) averaged in a volume with a 10g mass (10g-avg. SAR) 15 . SAR (W/kg) is a measure of the energy rate absorbed by the human body when exposed to a RF field and is the dosimetric parameter used in RF safety guidelines. For each lead design simulation, the 10g-avg. SAR was computed in a location at 0.1 mm from the anterior face of the lead contact in the direction of the positive Z-axis. In order to obtain a high increase of 10g-avg. SAR, the lead was placed in a volume with high tangential electric field magnitude 16 (see Fig.1e ).
The flat-design RTS lead (Fig. 3a) contained two discrete sections of variable conductivity and length, connected in series. Three requirements were used to minimize the optimal design search including: a) total length fixed to 40 cm to match common lead lengths for implantable devices 17 , b) conductivity of the proximal section higher than the distal section; and c) total lowfrequency resistance of the lead equal to 400 Ω, i.e., less than the typical impedance in patients 18 .
Additional numerical simulations were also performed in order to determine the best design parameters and estimate the performance of the wire-based RTS design since it utilizes different materials and geometry. A detailed view of this model can be seen in Fig. 4d Additional analysis on effect of lead design -Additional simulations were performed to evaluate the effect on 10g-avg. SAR of different design variables, including: shape (i.e., wire vs.
thin), lead conductivity, and proximal end boundary conditions (i.e., insulated vs. uninsulated).
The results of the simulations are shown in the Supplementary Fig. S2 . Notably, the simulations, manufacturing, and bench testing were performed with the electrode exposed only on a single side, although additional simulations included the case of two exposed ends. Higher SAR was predicted for models with wires compared to thin RTS geometries, in line with the skin depth calculations discussed in equation (S10). Furthermore, based on the selected design the RTS leads showed lower SAR than leads with homogeneous conductivity (see also Fig. 2a , case
Temperature simulations -The temperature simulations were performed by implementing the following heat equation in solids, which corresponds to the differential form of Fourier's law: Table S1 for values) and ∅ is the volume of 10 g of polyacrylic acid ( 
Uncertainty analysis
A simulation study to assess the uncertainty of design and simulation parameters was performed ( Table 2 ). The parameters studied were selected such that they could be considered independent. The methods used were based on the work of Neufeld et al.
13
. To determine the impact of the contribution of an individual parameter to the total uncertainty of the simulations, first two simulations were run for each parameter by assigning two different values ("Val1" and "Val2" in Table S2 ) to each parameter studied. The first value ("Val1") was the one used for the simulations shown in Fig. 2 whereas the modified value ("Val2") was set to a realistic value that could occur due to either design choice or manufacturing tolerance. Assuming linear dependence of the measurement values on the varying parameter, a sensitivity factor was determined for each parameter by calculating the percent error difference between the two evaluation results and then dividing by the absolute value of the change in parameter value. The individual uncertainty contribution was then calculated by multiplying the sensitivity and the standard deviation of the parameter uncertainty. The standard deviations were small for parameters such as the implant length, which can be accurately determined, and large for parameters such as the conductivity.
The analysis confirmed a high sensitivity -and relative high uncertainty -to the thickness and Moreover, Fig. 2a shows that the ideal length of layer 2 is 3.3 cm, thus microscopic surface mount resistors (e.g., 0.4 × 0.2 × 0.2 mm 3 ), often connected to each electrode in commercial EEG/fMRI caps, and cannot be used to create an ideal RTS geometry since they are too short.
Additionally, larger resistors would be too bulky and rigid to be attached to a microscopic wire of an implant. Finally, the simulations showed that conductor thickness plays a fundamental role in the RF-induced currents 19 , with a low uncertainty coefficient (see Table S2 ). Notably, a homogenously conductive thin design decreased the current density at thicknesses less than the skin depth ( Supplementary Fig. S2 ). The uncertainty analysis performed showed that the permittivity of the binder used in conductive inks can significantly affect 10g-avg SAR. 20 serve to bind together the nanoparticles of the material, ensure the necessary viscosity for proper transfer of the ink from the press to the substrate, provide adhesion to the substrate, and contribute to the drying speed and resistance properties of the ink 21 . The relative permittivity of binders varies from two to fifteen 22 or higher in composites 23 , and it is essential for the RTS effect presented in this paper, as no RTS effect was found in simulations with binders with the unity relative permittivity of vacuum.
Binders

Bench test experiments
Manufacturing of flat-design RTS prototype -A flat-design RTS lead prototype was manufactured using two different commercially available conductive ink materials for initial proof-of-concept testing. The first ink (479SS, Electrodag, Acheson LTD., Kitano, Japan) is a silver (Ag) based PTF ink and was fixed to a specified resistivity of 0.02 /sq./mil
24
. This ink was used in the higher conductivity section L 1 . The second ink (423, Electrodag) is a carbon (C) based PTF ink, which has significantly higher resistivity compared with Ag based PTF inks of 42
. The final layer L 2 was fabricated by chemically mixing the two PTF inks to adjust the conductivity of the second section to the value prescribed by the simulations, which was constrained to be within the conductivity values of the Ag and C-based PTF inks. The length of layer 1 was proportional to the conductivity of the silver ink and was fixed to allow a target ratio  1 / 2 = 77 with the optimal total resistance of 400 . Notably, the resistivity of both the carbon traces and silver electrodes is constant from 100 Hz to 200 MHz
21
. The 400  resistance was well within the range of current commercial IPGs considering that the contact electrode/tissue resistance is usually below 1.5 k 18 . The tolerance for resistivity was 5% and the tolerance for length was 50 μm. . A plastic scaffold with adjustable posts (i.e., plastic screws, bolts and washers) was placed on the far right side of the phantom and was utilized to consistently position system components (i.e., electrode lead and temperature probes) within the phantom (Figs. 3c and 3d ). As shown in Fig. 1e , the electric field 13 magnitude inside the phantom at 128 MHz in the selected configuration was highest in a location close to the body coil 13 . In order to have high magnitude of electric field incident to the lead, the phantom was shifted as far right as possible within the bore and the leads were placed on the side of the phantom (Fig. 3b, Fig. 1e and 1f) . (Fig. 3b ). Supplementary Figure S3 shows the results of the temperature simulations compared with the experimental measurements (shown also in Fig. 3e ). . However, any overall differences in total impedance would still be within the normal variability (between 500Ω and 1.5 kΩ) measured in patients a few weeks post-implantation 18 .
Temperature Measurements in MRI -
Implantable pulse generator (IPG) battery testing -
Manufacturing of wire-design RTS prototype -A second RTS wire prototype was manufactured using the state-of-the-art physical E-Beam vapor deposition (PVD) technology (Thin-Films Research, Inc., Westford, MA) over a rotating suture (Ethilon 6-0, Ethicon Inc.,
Bridgewater, NJ) substrate (80 μm diameter), which was selected for its biocompatibility. The polymer fiber core was composed of Ethilon 6.0 (Ethicon Endo-Surgery Inc., Somerville, NJ), a non-absorbable monofilament suture composed of the long-chain aliphatic polymers Nylon 6 and Nylon 6.6, due to its mechanical properties (e.g., tensile strength) and long history of use as a permanent implantable material 31 . Ethilon has excellent mechanical properties, for instance the selected 6-0 fiber size or 80µm has a maximum tensile strength of 6.68N
32
, which diminished by only 10% after thin film deposition. Ethilon has also a very high breaking stress of 6.25GDP
compared to other non-absorbable sutures 33 , which may increase long term mechanical stability and reduce likelihood of failures. The Ethilon nylon core was coated first with titanium and then with gold, using PVD. The suture was first coated with a thin Ti layer (100 nm) to improve bonding between gold and the polymer core fiber 32, 34 . Subsequently the two-layers of RTS microwire were formed by depositing gold layers of two different thicknesses, one for each layer (i.e., 600nm layer 1 and 1,000nm layer 2) to allow the creation of a different conductivity within each layer. The two thickness levels were selected in order for the two layers to match the conductivity prescribed by the simulations (Fig. 4) . The gold coating produced the desired conductivity profiles while maintaining the proper resistivity and inductance properties. The RTS core was finally coated with Parylene and marked with a biocompatible ink to indicate the direction in which the core is to be connected to the electrodes and the proximal connector.
Parylene C was used for the conductor wire insulation since it can be applied at room temperature which avoids exposure of the RTS core wire to high temperatures during processing.
Medical grade Parylene C is an excellent neural prosthetic coating as shown by the good encapsulation overall performance 35 . The RTS wire will be inserted in the original Medtronic 3389 design, which has a stylet in the lumen which is removed during surgery that confers the implant the rigidity to reach the target. In regards to the long-term implantation, following the 
